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INTRODUCTION 
Generally, the interfacial stiffness is defined as the ratio of the normal or transverse 
stress to the corresponding interface opening displacement. The interfacial stiffness of a 
solid/solid interface is characteristic to the nature and degree of interface imperfections 
therefore it is a sensitive quantitative measure of bond quality. A similar definition of the 
normal interfacial stiffness can be introduced for fluid/fluid-saturated porous solid 
boundaries, too. In most cases, the surface pores are inherently "open" and the surface 
impedance is negligible when the sample is fully submerged in fluid. On the other hand, due 
to surface tension, practically closed-pore boundary conditions can prevail at an interface 
between a non-wetting fluid (e.g., air) and a porous solid saturated with a wetting fluid 
(e.g., water). 
Acoustic wave interaction with a plane interface separating a superstrate fluid and a 
fluid saturated porous solid substrate is governed by four boundary conditions [1,2]. Three 
of them, namely the continuity of normal stress and displacement and the disappearance of 
the transverse stress at the interface, are the usual conditions required at ordinary fluid/solid 
interfaces. The only conceptual difference in the case of permeable solids is that the 
continuity of the normal displacement has to be modified to express the conservation of 
fluid volume: 
u' =<j>U +(1-<j»II, 
n n n 
(1) 
where U;1' Un' and lin are the normal displacement components of the superstrate fluid, 
and the substrate fluid and solid, respectively, and <j> denotes the porosity. The fourth 
boundary condition is Darcy's law applied to the surface pores of the permeable solid. The 
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surface impedance is defined as the ratio between the discontinuity in pressure and the 
relative volume velocity of the fluid with respect to the frame below the interface [3]. In the 
case of a fully immersed porous solid interface, the finite surface impedance is due to the 
flow resistivity of the surface pores and its value depends on the viscosity of the fluid. It has 
been recently suggested that, due to surface tension, practically closed-pore boundary 
conditions can prevail at an interface between a non-wetting fluid and a porous solid 
saturated with a wetting fluid [4]. In this case, the surface impedance is very high because 
of the stiffness of the microscopic fluid membranes extended by capillary forces over the 
otherwise open surface pores. Since the surface impedance is pure imaginary, it is 
advantageous to introduce a surface stiffness parameter Ts so that the discontinuity in 
pressure is proportional to the average surface displacement of the fluid 
p - p' = T <I> (U - 11 ). 
S 11 11 
(2) 
where p and p' denote the fluid pressure in the pore space below the surface and in the 
superstrate fluid just above it. 
The cases of completely "open" (Ts = 0) and completely "closed" (Ts = 00) surface 
pores are quite easy to understand, but intermediate cases are much more complicated. A 
question of great practical importance is where and how the transition between these 
limiting cases occurs. Based on both surface wave velocity [4] and bulk wave transmission 
[5] estimates, the transition between open- and closed-pore boundary conditions occurs at 
around Ts ,., 107 N 1m3. 
The main purpose of this experimental study was to verifY that capillary forces can 
extend an ideally thin membrane over the surface pores of a fluid-saturated permeable solid 
at the boundary with a non-wetting fluid, which is stiff enough to assure closed-pore 
boundary conditions at the surface. In the simple case of cylindrical pores [4] 
(3) 
For water in contact with air, the surface tension is cr ,., 7.3 10-2 N/m, and even a relatively 
high static permeability of 1(0 = 10 Darcy ,., 10-11 m2 produces a surface stitlhess in 
excess of 109 N/m3, well above the previously mentioned transition value, i. e., for all 
practical purposes, the pores are closed. Similar relationships for other regular formations, 
such as ordered spherical beads are much more difficult to obtain. As the pore shape 
becomes more irregular the permeability is determined by the smallest cross-sections 
causing viscous friction while the surface stiffness depends more on the largest dimensions 
dominating the compliance of the surface membranes. Still, for a given pore shape, both the 
surface compliance lITs and the static permeability 1(0 are proportional to the square of 
the characteristic pore size, and Eq. 3 is expected to take the more general form of [6] 
T =scr/1( 
s o· (4) 
where s denotes a shape factor which becomes much less than one as the pore structure 
becomes more irregular and random. 
EXPERIMENTAL TECHNIQUE 
The schematic diagram of the experimental arrangement is shown in Figure 1. The 
technique is based on the direct measurement of the average surface displacement of the 
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water-saturated specimen upon changing the hydrostatic pressure in the capillary pores. The 
porous specimen is soaked from below by water. The pressure difference between the air 
and the water at the surface is changed by increasing and decreasing the water level in the 
tank. This is achieved simply by moving an external water tank mounted on a computer 
controlled translation stage. This external reservoir is connected to the measuring tank by a 
flexible rubber tube. 
The average surface displacement is directly measured by an ultrasonic transmitter-
receiver pair working at f= 100 kHz. Because of the very high acoustic impedance of 
water with respect to air, the top surface of the porous skeleton and the capillary 
membranes present a continuous, essentially rigid reflecting interface to the incident air-
borne ultrasonic pulse. Since the acoustic wavelength A '" 3.3 mm is significantly larger 
than the combined surface roughness of this interface, the received signal from the surface 
appears to be reflected from a plane reflector positioned at the average height of the slightly 
irregular boundary. The porous solid is rigidly mounted so that the changing buoyancy of 
the specimen cannot produce any displacement of the skeleton (11/1=0) and the average 
surface displacement tJ.U is entirely due to the water level rising and falling in the surface 
pores, i.e., MJ = <I> U . The pressure difference between the air and the water at the /1 
interface is periodically changed by I!.p = M1 P]V g. Finally, the surface stiffness can be 
directly calculated from the measured average surface displacement as T = I!.p I MJ . 
s 
Theoretically, the pressure modulation I!.p is limited only by the maximum capillary height. 
In practice, the actual change in the water level tJ.h was always kept below 20 mm, i. e., 
tJ.p was less then 200 N/m2. Under these conditions, the maximum measurable surface 
stiffness is limited by the accuracy of the. phase measurement. Naturally, this accuracy is 
greatly dependent on the ultrasonic frequency used to monitor the surface motion. We 
found, that the optimum frequency was around 100 kHz. At lower frequencies, the 
inevitable uncertainties of the phase measurement translated into increasingly high 
displacement efrors. At higher frequencies, the surface roughness induced attenuation of the 
reflected signal starts to produce significant amplitude modulation which interferes with the 
phase measurement. 
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Figure 1. Schematic diagram of the experimental arrangement for quasi-static surface 
stiffness measurements. 
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The block diagram of the computer controlled measuring system is shown in Figure 
2. We used a pair ofPanametrics VIOl l-inch-diameter contact transducers to generate and 
receive the ultrasonic signals at 100 kHz. Both transducers were equipped with a 6-mm-
thick (quarter-wavelength) Plexiglas matching plate to increase their sensitivity in the 
narrow frequency band actually used during the measurements. The transmitter was driven 
by a twenty-cycle-long tone-burst of 100 kHz carrier frequency. The received signal was 
first averaged a 1000 times to eliminate electrical noise and then Fourier transformed. The 
measured amplitude and phase at the carrier frequency was fed into the PC through a GPIB 
interface for storage and further analysis. 
As an example, Figure 3 shows a typical ultrasonic signal received from a cemented 
glass bead specimen at 35° angle of incidence. The first signal is the direct reflection of the 
transmitted pulse from the surface of the water-saturated specimen. The total propagation 
distance from the transmitter to the specimen and back to the receiver (",,70 mm) was 
chosen to be as small as possible within the limitations of the given geometrical 
configuration. We placed the measuring tank into a simple environmental chamber which 
kept the temperature and the relative humidity at constant levels of 70 of and 100%, 
respectively, and eliminated air turbulence. In spite of these efforts, the phase of the 
received signal showed roughly I ° long-term drift over the approximately 10-hour period of 
the whole measurement. Fortunately, single phase measurements can be made as fast as 
every 20 second and the settling time of the water level is not more than I minute. This 
relatively fast response was exploited to further increase the measuring sensitivity and 
accuracy by averaging. The water level in the measuring water tank was controlled by 
alternatingly lifting and lowering a connected external tank in four steps according to the 
staircase function shown in Figure 4.a. Figure 4.b shows the measured phase modulation of 
the reflected signal for a Grade 175 cemented glass bead specimen over a period of 5 hours. 
Although there is a significant experimental uncertainty superimposed on the measured 
phase modulation, the effect of the moving surface membranes is quite obvious in this raw 
data, too. In order to further reduce the uncertainty of the experimental results, the raw data 
was collected ovei c;. period of 10-20 hours and subsequently averaged by the computer. 
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Figure 2. Block diagram of the computer controlled measuring system. 
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The averaged experimental phase modulation was then fitted with a staircase function to 
calculate the amplitude of the surface displacement. In order to establish the detection 
threshold of our acoustic displacement sensor, we also measured the apparent surface 
stiffness of a non-permeable Plexiglas plate. We found that, thanks to the extensive 
averaging used in the evaluation of the raw data, the noise floor of the phase measurement 
was below 0.01°, which corresponds to a displacement threshold ofless than 60 nm. 
Combined with the previously given /':,.p "" 200 N/m2 maximum pressure modulation, this 
sensitivity assures accurate surface stiffness measurement up to approximately 3 108 N/m3. 
EXPERIMENT AL RESULTS AND DISCUSSION 
The main goal of our experimental effort was to demonstrate that the surface 
stiffness produced by capillary forces is sufficiently high to produce "closed-pore" boundary 
conditions at the interface between air and typical water-saturated porous specimens. In 
addition, we hope to confirm the quantitative predictions of the analytical model for 
cylindrical pores and to verifY the simple qualitative relationship ofEq. 4 between surface 
stiffness and static permeability for self-similar porous structures such as spherical glass 
beads of different grain sizes. Table I lists the different porous samples used in this study 
and their main parameters. 
We have prepared a simple model specimen to verifY our theoretical prediction that 
the surface stiffness is equal to the ratio of the surface tension between the saturating and 
non-wetting superstrate fluids and the permeability of the specimen. This model was made 
of Plexiglas and contained 200 I-mm-diameter drilled holes more or less randomly 
distributed over an area of approximately 2 square-inches. The porosity of this model was 
estimated at <l> "" 19%. The static permeability was calculated from K = <l> a2 18 as 
o 
5.9 10-9 m2 We measured the surface stiffness of this specimen by the previously described 
acoustic technique and found it to be Ts"" 6.3 106 N/m3 Based on the previously 
mentioned tabulated value of cr "" 7.3 10-2 N/m for the surface tension between water and 
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Figure 3. Typical ultrasonic signal received from a cemented glass bead specimen at 
35° angle of incidence. 
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air, the theoretically predicted surface stiffness (Eq. 3) is l.24 107 N/m3, i. e., roughly two 
times higher than the experimentally determined value. Considering the crude 
approximations made in deriving the theoretical result and the experimental uncertainties in 
the measured surface stiffness, the agreement is quite good. 
In order to test the accuracy of the general relationship between surface stiffness and 
static permeability (Eq. 4) and to determine the shape factor s for a more common pore 
geometry other than cylindrical pores, we have measured the surface stiffness of different 
water-saturated cemented glass bead specimens (manufactured by Eaton Products 
International, Inc.). EP Brand Porous Structures are porous engineering materials 
consisting of tiny, precisely-sized spherical particles rigidly bonded together. These samples 
have an evenly distributed network of interstitial pores which are of uniform size, 
completely open and interconnected. This material is available in five standard grades which 
also denote the maximum interstitial pore diameter in microns. Because of the self-similar 
nature of this material and the more than one order of magnitude size-range covered by the 
five standard grades, it is especially suitable to test the validity of the general relationship 
between surface stiffness and static permeability for a given pore geometry and to find an 
empirical estimate for the shape factor in the case of spherical grains. 
Figure 5 shows the measured shape factor as a function of the static permeability. 
The shape factor can be readily calculated from the measured surface stiffness by using 
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Figure 4. Examples of the (a) hydrostatic pressure and (b) phase modulation (grade 
175 cemented glass bead specimen). 
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Eq. 4. The shape factor is constant at s ~ 2.7 10-3 within ±15% over the wide permeability 
range of approximately one and a half decade represented by these five standard grades. In 
comparison, for a porous structure of cylindrical pores the shape factor was found to be s ~ 
0.51, somewhat lower than the predicted value of unit but almost two orders of magnitude 
higher than for spherical beads. This rather low shape factor can be attributed to three major 
effect. First, as we mentioned before, the surface stiffness is mainly determined by the 
largest pore diameter while the permeability is more dependent on the diameter of the 
smallest cross-sections, i. e., the narrow throats of the pore channels. Second, although 
these materials are relatively easy to machine by conventional means such as sawing, milling 
or lathe turning, the high rigidity of the individual glass beads combined with the relative 
weakness of the bond between the cemented particles often results in larger than normal 
surface pores caused by chipped-off beads. This effect, which is readily visible on the 
machined surfaces of all specimens, might significantly reduce the overall surface stiffness of 
the samples. Third, the thin water layer covering all the surface beads might also further 
reduce the total surface stiffness. In the case of cylindrical pores, this layer is effectively cut 
off from the bulk of the water in the capillary pores and, especially at higher frequencies, it 
is kept immobile by viscosity. Obviously, further analytical efforts are needed to understand 
the effects causing the relatively low surface stiffness of water-saturated glass bead 
specimens. In spite of the more than two orders of magnitude reduction in surface stiffness 
compared to the case of cylindrical pores of similar static permeability, for the lower three 
grades, the measured stiffness is still higher than the previously determined threshold 
stiffness of Ts = 107 N/m3 required to produce "closed-pore" boundary conditions on a 
water-saturated glass bead specimen. It is also expected that the excess compliance caused 
by the thin water layer covering the surface grains is a visco-elastic contribution which 
significantly reduces the static surface stiffness but has a negligible effect on the dynamic 
stiffness at ultrasonic frequencies. 
We have also measured the surface stiffness ofa water-saturated Berea sandstone 
specimen of 450 mD static permeability. We found that the surface stiffness was only 3 107 
N/m3, much less than expected based on the permeability of the specimen. The measured 
value corresponds to a shape factor of s ~ 2 1O-~ (also shown in Figure 4), i. e., roughly 
one order of magnitude lower than the empirical value for spherical beads. We believe that 
Table I. List of the materials used in this study and their main properties. 
Material Porosity Permeability Pore Radius 
<I> [%] 
Plexiglas plate with 
drilled cylindrical holes 
Porous glass, Grade 175b 
Porous glass, Grade 90b 
Porous glass, Grade 55b 
Porous glass, Grade 40b 
Porous glass, Grade 15b 
Berea Sandstone 
a calculated from K 0 = <I> a2 I 8 
19 
30 
30 
30 
30 
30 
14 
Ko [10-12 m2] 
5900a 
67 
27 
11 
6.5 
2.2 
O.45c 
a [10-6 m] 
500 
87.5 
45 
27.5 
20 
7.5 
nla 
b cemented spherical glass beads made by Eaton Products, all parameters are from the 
manufacturer's specification, pore radius refers to the maximum interstitial pore 
c measured at the Lawrence Livermore National Laboratory 
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Figure 5. The product of the measured surface stiffness and the static permeability 
versus permeability for different porous materials. 
this significant reduction can be attributed to essentially the same three effect mentioned 
above in connection with the cemented glass bead specimens. 
CONCLUSIONS 
We have determined the quasi-static surface stiffness of different water-saturated 
porous materials by changing the hydrostatic pressure and directly measuring the average 
surface displacement by an acoustical sensor. Generally, the surface stiftbess is proportional 
to the surface tension of the wetting fluid and inversely proportional to the static 
permeability of the specimen. For cylindrical pores, the measured surface stiftbess is in good 
agreement with theoretical predictions. For more irregular pore geometries, such as 
spherical beads, the surface stiffness is still inversely proportional to the static permeability 
but its value is orders of magnitudes lower than for cylindrical pores of comparable 
permeability. 
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